The genomes of mycobacteriophages of the L5 family, which includes the lytic phage D29, contain several genes putatively linked to DNA synthesis. One such gene is 65, which encodes a protein belonging to the RecA/DnaB helicase superfamily. In this study a recombinant version of the mycobacteriophage D29 gp65 was functionally characterized. The results indicated that it is not a helicase as predicted but an exonuclease that removes 3 arms from forked structures in an ATP-dependent manner. The gp65 exonuclease acts progressively from the 3 end, until the fork junction is reached. As it goes past, its progress is stalled over a stretch of seven to eight nucleotides immediately downstream of the junction. It efficiently acts on forked structures with single stranded arms. It also acts upon 5 and 3 flaps, though with somewhat relaxed specificity, but not on double-stranded forks. Sequence comparison revealed the presence of a KNRXG motif in the C-terminal half of the protein. This is a conserved element found in the RadA/Sms family of DNA repair proteins. A mutation (R203G) in this motif led to complete loss of nuclease activity. This indicated that KNRXG plays an important role in the nuclease function of not only gp65, but possibly other RadA/Sms family proteins as well. This is the first characterization of a bacteriophagederived RadA/Sms class protein. Given its mode of action, it is very likely that gp65 is involved in processing branched replication intermediates formed during the replication of phage DNA.
Fork structures are intricately associated with DNA replication. Such structures result due to unwinding of the DNA ahead of the replicating machinery. The unwound single strands are then used as templates for the synthesis of the new strands, either continuously (leading strand) or discontinuously (lagging strand). Repair of stalled forks involve complex mechanisms which may vary from one organism to another (5) . However, in most cases the process requires nucleases that recognize stalled fork structures and cleave them specifically. Such nucleases are generally referred to as structure-specific nucleases (25) . One such nuclease named FEN1 found in eukaryotes has been studied fairly extensively, and it is believed that this nuclease is involved in the removal of 5Ј flaps from Okazaki fragments (11, 23) . FEN1 belongs to a larger family of structure-specific nucleases, which includes human XPG (17) , an endonuclease related to the disease xeroderma pigmentosa. Although the XPG family is associated with the removal of 5Ј flaps the XPF type proteins are needed for removing the 3Ј flaps (3) . Similar proteins have been found in several Archaea (28) . In Escherichia coli, the Holliday junction resolving enzyme system RuvABC is believed to be involved in resolving stalled forks by creating double-stranded breaks, which may be repaired through homologous recombination (29) . Studies in E. coli have revealed that there are multiple redundant pathways that are capable of repairing stalled forks. One such pathway involves a protein named RadA/Sms, the absence of which results in partial increase in sensitivity to radiation in E.
coli (2) . Genes encoding RadA/Sms family proteins are present in many bacteria, including mycobacteria. Most of these members carry a conserved element KNRFG. It is believed (2) that RadA/Sms family of proteins may generate double-stranded breaks at fork junctions, although this has not been specifically demonstrated.
Mycobacteriophages of the L5 family, which includes D29, BxB1, may be either temperate or potentially temperate (D29) (14, 15, 27) . Despite their temperate character these phages share a strong resemblance with lytic phages. An important feature shared by lytic phages in general is their ability to synthesize DNA using phage-encoded DNA polymerases (13) . They also possess many genes linked to nucleotide metabolism. It appears that as far as DNA replication is concerned, lytic phages prefer to be self-sufficient. This is apparently an important issue since lytic phages inactivate their host and therefore host-specific functions cannot be used to support phage growth.
Following the availability of the genome sequence, many interesting aspects of mycobacteriophages have come to light. The central region of mycobacteriophage L5/D29 genome has been predicted to harbor several genes whose products may contribute directly or indirectly toward synthesis of new DNA strands. In a recent investigation from this laboratory it has been demonstrated (4) that at least some of the genes in this region are involved in the production of deoxyribonucleotide precursors which are probably needed at increased levels during phage replication. Apart from these genes there are several others which probably encode DNA polymerization related functions. One such gene that drew our interest was gene 65, which appears to encode a RecA/DnaB helicase superclass protein (22) . The N-terminal region of this protein contains the Walker motifs A and B, which are characteristically present in the members of the RecA/DnaB superfamily. Walker motifs A and B (30) are found in proteins that hydrolyze ATP for executing their respective functions. To investigate the possible function of gp65, its gene was overexpressed in E. coli, and the recombinant protein was purified. Assays performed with the recombinant gp65 revealed that it is a structure-specific nuclease that acts exonucleolytically on fork structures, resulting in truncated forms lacking the 3Ј arm. This function was demonstrated to require a particular motif KNRXG that is omnipresent in the RadA/Sms family of proteins (2) . This characterization of D29 gp65 could give us better insight into how mycobacteriophages replicate their DNA within their hosts.
MATERIALS AND METHODS
Phages, bacterial strains, and plasmids. E. coli XL1-Blue cells were used for routine purposes. The expression vector pQE30 (Qiagen) was used for overexpression of the gene 65 in E. coli. Cloning of the mycobacteriophage gene 65 was performed using genomic DNA derived from mycobacteriophage D29 (12) . The D29 gp65 reading frame closely matches that of L5 except that the D29 frame has been predicted to start about 40 codons downstream relative to L5. This difference in the predicted sizes of the open reading frames is due to small differences in the nucleotide sequences at the respective translation initiation sites. The rest of the sequence is virtually identical between the two. For phage induction experiments the thermo-inducible lysogenic strain Mycobacterium smegmatis L1c1ts (a temperature-sensitive lysogenic strain of L1 obtained from N. C. Mandal) was used (4, 9) . The phage L1 is considered identical to L5 except for minor variations. Before using the L1 model as a surrogate of L5, the L1 gene 65 was sequenced to confirm that it is same as that of L5.
Cloning of mycobacteriophage genes in expression vectors. Mycobacteriophage DNA was isolated from D29 according to standard methods using CsClpurified phages (8). The phage DNA was then used for PCR amplification of desired genes. For D29 gene 65 the primers used were P1 (forward primer, 5Ј-CGGGATCCTTGGTCCTTGTATGC-3Ј) and P2 (reverse primer, 5Ј-CCCA AGCTTTCAGTGATCGAAGTC Ϫ-3Ј) (the BamHI and HindIII sites are underlined). The PCR product was digested with BamHI and HindIII for cloning in the expression vector pQE30 (Qiagen). The R203G point mutant of gp65 was created by using a QuikChange site-directed mutagenesis kit (Stratagene, Canada) with the mutagenic primers 5Ј-TCC ACG GTC AAG AAC GGG GGT GGC AAG TCT GAT-3Ј and 5Ј-ATC AGA CTT GCC ACC CCC GTT CTT GAC CGT GGA-3Ј (the mutation is underlined) and confirmed by DNA sequencing. Similarly, mutations K12I and S13A were created in the Walker A motif, using the specific mutagenic primer pairs 5Ј-CCTGGCACTGGTATCG GCTTTTGTCCTG-3Ј and 5Ј-CAGGACAAAGCCGATATACCAGTGCCAG G-3Ј (for K12I) and 5Ј-CCTGGCACTGGTAAAGCGGCTTTTGTCCTG-3Ј and 5Ј-CAGGACAAAAGCCGCTTTACCAGTGCCAGG -3Ј (for S13A).
Expression and purification of recombinant proteins. His 6 -tagged recombinant protein (wild type or mutant) purification was done by using Ni 2ϩ -nitrilotriacetic acid (NTA) agarose chromatography under native conditions according to a standard protocol (Qiagen). Cells were harvested by centrifugation and sonicated in buffer A (50 mM sodium phosphate [pH 8.0], 300 mM NaCl, 20 mM imidazole). After centrifugation at 14,000 ϫ g, the clear supernatant was loaded onto a 2-ml Ni 2ϩ -NTA agarose column preequilibrated with buffer A. The column was washed with 10 column volumes of buffer B (50 mM sodium phosphate [pH 8.0], 300 mM NaCl, 38 mM imidazole), and the bound protein was eluted with buffer C (50 mM sodium phosphate [pH 8.0], 300 mM NaCl, 250 mM imidazole) and analyzed by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE). Fractions containing pure protein were pooled and dialyzed overnight at 4°C against 40 mM Tris-HCl (pH 7.4)-50 mM KCl containing 10% glycerol. The purification resulted in near-homogeneous preparation.
Preparation of DNA substrates for nuclease assays. The nucleotide sequences of the oligonucleotides used in these studies as DNA substrates are shown in Table 1 . Complementary oligonucleotides were annealed and labeled by using standard protocols (20) . Briefly, T4 polynucleotide kinase was used to 5Ј phosphorylate specified oligonucleotides with ␥-32 P (BRIT, Mumbai, India). Annealing reactions were carried out by mixing equal molar proportions of complementary oligonucleotides in an annealing buffer (40 mM Tris-HCl [pH 7.4], 75 mM NaCl, 10 mM MgCl 2 ), followed by heating to 95°C for 2.5 min and gradual cooling to room temperature. A schematic diagram of the DNA structures generated is shown in Table 2 . The annealed products were then purified by PAGE using the "crush-and-soak" method as described previously (20) .
Nuclease assay. Nuclease activity of gp65 was measured using conditions generally used for DNA helicase assay (26) . A standard reaction mixture (25 l) containing 50 mM Tris-HCl (pH 8.0), 25 mM KCl, 2 mM dithiothreitol, 0.25 mg of bovine serum albumin/ml, the 5Ј end-labeled DNA substrate (100 fmol), 8 mM MgCl 2 , 8 mM ATP, and 4% sucrose. The presence of 25 mM KCl in the reaction helps to stabilize the DNA substrates. After incubation at 37°C for 45 min, the reaction was stopped with 5ϫ stop solution (1.25% SDS, 75 mM EDTA, 25% glycerol) and resolved by 12% native PAGE. Boiled substrates were loaded in control lanes to identify the band corresponding to the unannealed labeled oligonucleotide. Excess unlabeled oligonucleotide was added immediately after boiling to prevent reannealing. The reaction products were also analyzed under denaturing conditions using 8% sequencing gels containing 8 M urea. For such analysis, the reaction mixtures were subjected to phenol-chloroform extraction. 
The aqueous phase was then subjected to ethanol precipitation. The precipitates were further dissolved in 2ϫ denaturing termination dye (95% formamide, 10 mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol) and boiled for 5 min. Bands were visualized by autoradiography. To investigate whether gp65 is an exonuclease, a forked substrate in which the 3Ј arm was biotinylated was used. Reactions with biotinylated substrate was performed in the absence or presence of the biotin-binding protein streptavidin (New England Biolabs). ATPase assay. ATPase assays were performed in 20-l reaction volumes. The reaction mixture contained 100 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 100 mM KCl, 100 mM dithiothreitol, 50% sucrose, 100 M ATP, 2 Ci of [␥-32 P]ATP, and 100 ng of gp65 protein. Incubations were done at 37°C for specified periods of time. Aliquots were removed every 30 min and quenched with HCl. The quenched samples were then spotted onto polyethyleneimine cellulose strips, and the ATP and inorganic phosphate (P i ) spots were separated by thin-layer chromatography using LiCl/HCOOH as solvent system. After autoradiography, the intensities of the spots corresponding to ATP and P i were estimated densitometrically. The percent conversion was calculated. The activity was finally expressed as nmol of ATP hydrolyzed/min/mg of protein.
Immunological detection of expressed protein. The thermoinducible lysogen, M. smegmatis L1c1ts, was grown to an optical density of 0.8 at 28°C in Middlebrook 7H9 (MB7H9) broth as described earlier (4, 9) and induced at 42°C for 30 min, followed by growth at 37°C for 3 h. Aliquots were removed at definite intervals after the flasks were immersed in a 42°C water bath. Cells were harvested by centrifugation, lysed by sonication, and processed for immunodetection by Western blotting according to previously standardized protocols (4) . The gp65 specific antibody used was raised in rabbit using methods described earlier (1).
One step growth experiment. After the induction of lysogen as described above, the culture was centrifuged, and the supernatant was collected. A 10-l aliquot was appropriately diluted in phage dilution buffer and assayed for the presence of PFU as described earlier (8) . The phage titer, expressed as PFU per ml, was plotted against time to obtain a one-step growth curve.
RESULTS
Expression of wild-type and mutant gp65 proteins. The amino acid sequence of D29 gp65 was BLAST searched against Mycobacteriaceae family protein coding sequences available in the public databases. The results of the search revealed that, apart from the similarity with DnaB type helicases, a relatively weak similarity could be detected with a Mycobacterium gilvum protein that belongs to the RadA/Sms family of DNA repair proteins originally identified in E. coli. This similarity was primarily due to the presence of a KNRFGlike motif (shown as KNRXG) that is conserved in the RadA/ Sms family of DNA repair proteins (Fig. 1A) . In this motif, the K and R residues are highly conserved. It was hypothesized that mutation at either K (201) or R (203) would affect D29 gp65 activity. Although both K and R are valid targets for mutagenesis, the R203 mutation was preferentially taken up since in this case a nonconservative change from R to G could be performed with relative ease just by making a point change (C to G) in the R codon.
The wild-type and R203G mutant proteins were synthesized in E. coli as His 6 -tagged recombinants. By using one-step affinity purification, the proteins could be purified to near homogeneity (Fig. 1B) . The proteins were also demonstrated to cross-react with anti-gp65 sera with the same degree of specificity (data not shown). (B) SDS-12% PAGE analysis of recombinant gp65 (wild-type or mutant) fractions eluted from an Ni-NTA agarose column. In, So, and E1 to E3 indicate extracts of induced cells, the soluble supernatant, and three successive elutions (1 ml each) with buffer C, respectively. The position of the band corresponding to the recombinant gp65 (26 kDa) is indicated by an arrow in both cases.
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Cleavage of fork junction DNA by gp65. Since the sequence of gp65 shares homology with DnaB helicases; therefore, initial assays were designed to detect helicase activities. To perform the helicase assays, certain branched DNA structures, used in a previous study in the context of UvrD helicase of mycobacteria (10), were used as substrates (Table 1) . To begin with, structure 1 ( Fig. 2A) , which resembles a replication fork (forked duplex), was used. The DNA was labeled at the 5Ј end of the bottom strand and subjected to gp65 action. Although the expectation was that the labeled oligonucleotide would be released due to helicase activity, the pattern observed was different: a couple of new bands appeared ( Fig. 2A , indicated by solid arrows in lane 1X). The mobilities of these bands were intermediate compared to those of the uncleaved substrate (upper band in lane U) and the labeled oligonucleotide (major band in lane B). When the banding patterns in lanes B and B* (representing boiled substrate before and after gp65 treatment, respectively) were compared, an additional band was found to be present in lane B* (marked by a broken arrow) that was absent in lane B. It thus appeared that gp65 may have cleaved structure 1 resulting in an intermediate form in which the 3Ј arm is missing (second structure from the top as depicted on the right of Fig. 2A ). There are also a few bands at the bottom of the gel in the gp65-treated lanes. These appear to be nonspecific cleavage products. To obtain an idea about the cleavage site, the gp65-treated substrate was analyzed by using a sequencing gel. In this analysis, structure 2 ( Fig. 2B ) was used in parallel to structure 1. Structure 2 may be considered to be same as structure 1 except that the bifurcation point in structure 2 is shifted 10 bp to the 5Ј side relative to structure 1. As a result, the splayed arms are shorter, whereas the double-stranded region is longer in structure 2 than in structure 1. The results (Fig. 2B) show a series of eight bands appearing in the respective gp65-treated lanes. In case of structure 2, the bands ranged from 21 to 28 nucleotides (nt), whereas in structure 1 it was 11 to 18 nt. The site of cleavage on the Y structure was thus mapped to a region close to the bifurcation, just 2 nt downstream of the junction (as shown in the case of structure 2 in Fig. 2C) . The results therefore confirm that the fork junction is specifically targeted by gp65.
Exonuclease activity of gp65. The serial nature of cleavage by gp65, as shown in Fig. 2B , suggests that the protein may be acting exonucleolytically. To investigate this aspect, a modified structure 1 was prepared in which the bottom strand was biotinylated at the 3Ј end. When this modified substrate was used in the assays it was observed that the cleavage activity was suppressed considerably (Fig. 3 lane 4) . When streptavidin was added, further suppression of cleavage occurred (lanes 6 and 7). The results suggest that the nuclease activity of gp65 is impeded by the presence of bulky groups at the 3Ј end. Hence, gp65 appears to be a 3Ј-5Ј exonuclease, and it is this function that is responsible for the removal of the 3Ј arm.
Structure specificity of the gp65 nuclease. To ascertain whether the enzyme acts in a structure-specific manner, different types of forks (modifications of structure 1) were used (Fig.  4) . Cleavage was observed in case of structure 3 (Fig. 4A, left  panel) , as is evident from the appearance of a band representing an intermediate species (solid arrow, lane 1X). Boiling also resulted in the appearance of a truncated band derived from the lower strand (broken arrow, lane B*). The results indicate that as in case of structures 1 and 2, the fork junction of structure 3 was also targeted. To test the specificity of the cleavage, the gp65-treated DNA was analyzed on a sequencing gel (Fig. 4A, right panel) . The results show that although bands representing junction-specific cleavage products (most prominent being the one corresponding to nucleotide 18, lane 1X or 2X) appeared, other bands with similar intensities, represent- on July 31, 2017 by guest http://jb.asm.org/ ing larger oligonucleotides (27) (28) (29) (30) were also visible. This indicated that in the case of this structure, the progress of the gp65 exonuclease along the 3Ј arm is impeded resulting in a series of intermediate bands. In case of structure 4 cleavage was also observed (Fig. 4B, left panel) . Strangely, in this case the additional band representing the cleaved oligonucleotide was absent in lane B*. In a native gel, the migration of a single-stranded oligonucleotide may be unpredictable, since its mobility is governed not only by size but also its secondary structure. The inability to detect the released oligonucleotide could be due to such considerations. Either the cleaved and uncleaved oligonucleotides did not separate or, alternatively, the cleaved species may have migrated out of the gel. In a case like this, an analysis using sequencing gel electrophoresis (Fig.  4B , right panel) is more reliable since it is performed under denaturing conditions. Cleavage of structure 4 yielded a pattern similar to that for structure 3, indicating that in this case, too, gp65 stops at several points before reaching the junction.
In case of the double-stranded fork, structure 5, however, no cleavage products were visible (Fig. 4C) . Finally, gp65 was found not to act on structure 6, which is essentially structure 1 minus the 3Ј arm (Fig. 4D ). This confirms further that the end product of structure 1 cleavage is a truncated fork represented by structure 6. ATP/Mg 2؉ dependence of gp65 action. Analysis of the primary sequence of gp65 revealed the presence of Walker A and B motifs in the N-terminal half (Fig. 1A) . These motifs are generally known to confer ATP dependence on various enzymatic functions (19) . Therefore, it was hypothesized that ATP may have a role to play in at least some of the functions of gp65. The ability of gp65 to cleave the Y structure at the specific site was then tested under either ATP or Mg 2ϩ limiting conditions. The results (Fig. 5A) show that no activity was observed in the absence of Mg 2ϩ (lane 8) but that the absence of ATP had no effect (lane 4). The lack of ATP dependence was unexpected. The possibility was considered that this could be due to presence of saturating amounts of bound ATP. The Walker A motif is known to cradle ␤ and ␥ phosphates of ATP, thereby contributing to ATP binding. They are generally represented by the consensus sequence GXXGXGK [ST] , in which the K and S/T residues play important roles. Nonconservative   FIG. 3 . 3Ј-5Ј Exonuclease activity of gp65. Structure 1 (100 fmol), with either a free (lanes 1 and 2) or biotin-blocked 3Ј arm (lanes 3 to 7) was treated with gp65 under standard conditions. The assay with the biotinylated substrate was performed either in the absence (lanes 3 and 4) or in the presence of the indicated amounts of streptavidin (lanes 6 and 7). Untreated and treated lanes are designated as "Ϫ" or "ϩ", respectively. In the structures at the top of the figure the circle represents a biotin moiety, and the third bracket represents biotin-bound streptavidin. The bands in the range of 12 to 18 nt arising out of junction cleavage are indicated on the left. replacements of K in particular and also S/T have been found to affect the activities of Walker A motifs in various proteins (16, 18) . Thus, it was decided to substitute these two residues by the nonpolar amino acids I and A, respectively, so that the ATP binding activity of gp65 is compromised. The proteins were purified to homogeneity by affinity chromatography (Fig.  5B) , and the ratios of their absorbances at 280 and 260 were determined. The results revealed that, whereas in the case of wild type the ratio was as low as 0.5, indicating substantial presence of bound ATP, in the case of K12I and S13A, the ratio was 1.6. This indicated that the mutants lacked bound ATP. The mutations did not completely abolish ATPase activity but reduced it to Ͻ50% of the activity of the wild type (Fig.  5C ). The mutant proteins, along with the wild type, were then assessed for cleavage activity in the presence or absence of ATP. In order to obtain accurate information, sequencing gels were used to analyze the sizes of the cleaved products (Fig.  5D) . The results show that even in the absence of added ATP, the wild type gave significant junction-specific cleavage activity (lane 2), as evident from the appearance of bands in the 18-nt region. The addition of ATP at 8 mM resulted in no significant change (lane 3), a finding which is consistent with the results presented in (Fig. 5A ). In the case of the S13A mutant, a continuous ladder was observed in the absence of ATP (lane 5). Relative to other bands in the lane, the intensities of the junction-specific bands (the region from nt 12 to 18) were nearly identical, indicating that the mutant is unable to recognize the fork junction. The addition of 4 mM ATP did not have any effect (lane 6). At 8 mM, the relative intensity of the junction specific bands increased, but only marginally (lane 7).
The results indicate that though this mutant retains the exonuclease function, it is unable to act in a junction-specific manner, at least not significantly. The other issue that emerges is that the exo activity is not ATP dependent. In the K12I mutant a background similar to that of S13A activity was observed in the absence of ATP (lane 9), but in this case the intensities of the junction-specific bands (12 to 18 nt) increased significantly upon addition of 4 to 8 mM ATP (lanes 10 and 11). The results obtained with the K12I mutant in particular imply that junction recognition, but apparently not the exonuclease activity of gp65, is ATP dependent. Effect of mutation in the KNRXG motif. The question that was addressed next was whether the presence of the KNRXG box in gp65 was necessary for activity. The mutant R203G purified to homogeneity (Fig. 1B) was tested for activity along with the wild type under similar conditions (Fig. 6) . The mutant was found to be inactive, even when four times more of it was used relative to the wild type (compare lane 4X [R3G] with lanes 1X [Wt] ). The KNRXG motif thus seems to be critical for gp65 action.
Expression of gene 65 during induction of lysogen. Antiserum was raised against D29 gp65. This antiserum was used to investigate the stage at which gp65 was produced. Such experiments are best performed with thermoinducible lysogens since it is easy to switch on the lytic pathway and monitor timedependent events. D29, however, does not form lysogens; hence, a thermo-inducible lysogen harboring the related phage L1 (a minor variant of L5) was used. Given the conserved nature of the gp65 proteins encoded by cluster A phages, it was expected that the D29 gp65-specific antibody would cross-react with the L1/L5 protein. Moreover, since the genomes of L1/L5 and D29 have similar organization, the timing of expression of the various genes was expected to be more or less identical. The results (Fig. 7A) show that an antigenically cross-reactive band appeared within 15 min of temperature shift-up and disappeared after 120 min. One-step growth experiments (Fig.  7B) revealed that the burst phase begins at about 120 min. Considering that gp65 synthesis starts at 15 min (or earlier), it lanes 1 to 3) or mutants S13A (lanes 4 to 7) and K12I (lanes 8 to 11) monitored in the absence or presence of the indicated concentrations of ATP. gp65-treated and untreated lanes are marked "ϩ" and "Ϫ", respectively. In the gp65-treated lanes, a 2X amount (refer Fig. 2 ) was used in all cases. The bands in the range of 12 to 18 nt arising out of junction cleavage are indicated on the right.
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on July 31, 2017 by guest http://jb.asm.org/ may be concluded that this protein is likely to have some role to play in the early or middle-early stage of phage growth.
DISCUSSION
Genomic analyses of about 30 mycobacteriophages have revealed the existence of "Phamilies" (14) of closely related proteins. Gp65, grouped under the Phamily 62 is supposed to represent a family of proteins having DnaB-type helicase activity. This Phamily finds representation in almost half (12 of 30) of the mycobacteriophage genomes sequenced thus far, and thus gp65 and its homologs are likely to play important roles in their propagation. Mycobacteriophage genomes have been grouped into six clusters (A to F) based on sequence similarities. Cluster A happens to be the most studied. It includes L5, the first sequenced mycobacteriophage genome (15) and its close relative D29 (12) . Apart from these, there are five other members in this family: Che12, U2, Bethlehem, BxB1, and BxZ2. All of these phages possess genes encoding gp65 homologs. Cluster B phages, which are nearly as large in size as cluster A, conspicuously lack genes that could potentially encode gp65-like proteins. However, two distantly related clusters, E and C, as well as phage Wildcat, which is also not related to cluster A, appear to possess genes encoding homologs of gp65.
Within cluster A the predicted gp65 sequences are highly similar. The D29 protein is, however, an exception since, in comparison to L5 and other members of the cluster, it is shorter by 40 residues at the N-terminal end. Why D29 gp65 lacks the 40 residues is an intriguing question. Although the exact reason is not known, it may be mentioned that while performing this investigation, it was observed that the L5 version was highly insoluble (unpublished observations from this lab), when expressed in E. coli. The extended versions thus may not be folded properly, and therefore there may exist a strong selection pressure in favor of the D29 version.
Although bioinformatic analysis indicates that gp65 is a DnaB type helicase (15) , the investigations presented in the present study do not seem to support such a possibility. The reason why it is not a helicase is perhaps because it possesses only the DnaB helicase C-terminal and not the N-terminal domain, which has been shown to be important for helicase activity (6) . On the other hand, the protein was found to be a structure-specific nuclease. Essentially gp65 is a 3Ј-5Ј exonuclease, as is evident from its ability to generate serially cleaved fragments from the 3Ј arm of forked substrates. Further proof was obtained from the observation that there was marked reduction in the ability of gp65 to process a forked substrate if the 3Ј arm was biotinylated. It is well documented that if the substrate of an exonuclease is biotinylated at the end from which it acts, its activity is suppressed (7, 21) . The addition of streptavidin, which complexes with biotin, further suppressed nuclease activity of gp65, confirming the 3Ј-5Ј exonucleolytic nature of the nuclease activity associated with gp65.
The appearance of relatively intense serial bands in the sequencing gel corresponding to the third to eleventh positions down stream of the fork junction indicates that the progress of gp65 exonuclease is halted over this region. Although in most cases the stalling occurred over a span 7 to 8 nt, in some experiments it was more precise involving just 3 nt (third to fifth positions downstream of fork junction). Thus, the junction-specific cleavage activity appears to be due to stalling of the gp65 exonuclease immediately after it has crossed the fork junction as shown in Fig. 8 . Junction recognition by gp65, but not the exonuclease activity was found to be ATP dependent. This was evident from the behavior of the Walker A motif mutant K12I. The other Walker A motif mutant S13A, was also found to posses ATP independent exonuclease activity but, unlike K12I, in this case ATP-dependent recognition of fork junction was found to be inefficient. This indicates that the S13A mutation not only affects ATP binding activity of gp65, but additionally its junction recognition property. How this mutation affects junction recognition is a matter that needs to be sorted out in the future, but as of now it is safe to conclude that the Walker A motif plays an important role in junction recognition primarily through its ability to interact with ATP. The availability of the K12I mutant was particularly helpful in coming to this conclusion since, unlike its wild-type counterpart, it could be obtained in the nucleotide free form, thereby making it convenient to investigate the role of ATP.
The protein gp65 was found to recognize Y-shaped structures most efficiently. If any one of the arms was made double stranded, the specificity declined. Apparently, the progress of gp65 along the 3Ј arm was impeded, resulting in nonspecific stalling at premature points. Double-stranded fork was not affected at all. The 5Ј overhang was also not affected, which indicates that a forked structure is a basic requirement for gp65 action.
The precise role of this protein in relation to phage DNA replication is not known. The structures that are cleaved by gp65 resemble intermediates that are formed during the initial stages of replication and recombination. Hence, the protein may have a role to play in the early stage of DNA replication cycle. This possibility is strongly supported by the observation that in the immunoblotting experiments the protein made its appearance within 15 min of induction. Synthesis of L5 phage proteins during lytic growth occurs in two distinct phases. The early proteins are made in the first 25 min, whereas the earlylate switch takes place subsequently (15) . Since gp65 appears within the first 15 to 20 min, it may be classified as an early protein. Exactly how the fork processing activity helps in replication or any other related process is not known at present. One possibility could be that such a cleavage would allow the resolution of branched structures and their conversion to double stranded segments as proposed in the model (Fig. 8) .
In the present study it has been discovered that, apart from the Walker motifs, which are present in all members of the RecA superfamily, gp65 possesses a KNRXG motif that is characteristically found in RadA/Sms class proteins (2) . These proteins constitute an evolutionary branch of the RecA superfamily that is distinct from that of DnaB helicases (22) . RadA/ Sms was first identified in E. coli using genetic screens. A mutation in E. coli radA (also known as sms) resulted in increased sensitivity to DNA-damaging agents (2) Although it has been predicted that RadA may be involved in the processing of branched DNA molecules, no direct in vitro evidence is available. The results presented here may thus give some indication about how RadA proteins process branched structures. An important finding presented here is that mutation within the KNRXG motif abolishes gp65 activity. This is possibly the first time that the importance of this motif has been demonstrated using mutational studies. The ability to inactivate gp65 by doing a targeted mutation also proves that the The protein travels in a 3Ј-5Ј direction, serially cleaving the bottom strand until it reaches the junction, where it stalls (shaded icon). If the 3Ј end of the fork is biotinylated and the biotin moiety is conjugated to streptavidin, the exonucleolytic activity of gp65 cannot function; no cleavage product is thus formed (figure on the right). The cleaved product is a structure in which there is a 5Ј overhang. This can be potentially filled up by DNA polymerases.
results obtained are specifically due to gp65 and not any other contaminating protein.
It is interesting that gp65 represents only the central region of RadA proteins (Fig. 9) . The N-terminal Zn finger and Cterminal Lon protease domains are missing. This is perhaps a reflection of the genetic mosaicism observed in mycobacteriophages (24) . Their genomes appear to be built out of bits and pieces of genomic material derived from other phages or from the hosts that they infect. In this context, it is interesting that in the phage Wildcat there is an equivalent of gp65 which has a DnaB helicase N-terminal domain (Fig. 9) . The Wildcat protein therefore could be a more evolved version of gp65 in which another important "piece" has been added. A detailed investigation of gp65-like protein of Wildcat and other mycobacteriophages may shed more light on the function of these structure-specific nucleases in the context of mycobacteriophage DNA replication.
